To study the dynamics of mammalian HP1 proteins we have microinjected recombinant forms of mHP1a, M31 and M32 into the cytoplasm of living cells. As could be expected from previous studies, the three fusion proteins were ef®ciently transported into the nucleus and targeted speci®c chromatin areas. However, before incorporation into these areas the exogenous proteins accumulated in a peripheral zone and associated closely with the nuclear envelope. This transient association did not occur when the cells were treated with deacetylase inhibitors, indicating an acetylation-inhibited interaction. In line with these observations, recombinant HP1 proteins exhibited saturable binding to puri®ed nuclear envelopes and stained the nuclei of detergent-permeabilized cells in a rim-like fashion. Competition experiments with various M31 mutants allowed mapping of the nuclear envelope-binding site within an N-terminal region that includes the chromodomain. A His 6 -tagged peptide representing this region inhibited recruitment of LAP2b and B-type lamins around the surfaces of condensed chromosomes, suggesting involvement of HP1 proteins in nuclear envelope reassembly.
Introduction
Heterochromatin protein 1 (HP1) is a member of a large protein family, which includes the Polycomb group (Pc-G) and several other polypeptides. All of these molecules contain a characteristic sequence motif (chromodomain or CD) and function as chromatin modi®ers or regulators of gene expression. HP1 is implicated in position effect variegation, while Pc-G is involved in the stable repression of homeotic genes (for recent reviews see Cavalli and Paro, 1998; Jones et al., 2000) .
HP1 has a dimeric, quasi-symmetrical structure: the N-terminal region of the molecule includes the CD (Paro and Hogness, 1991; Singh et al., 1991) , whereas the C-terminal part contains a related sequence, known as the chromo shadow domain (CSD) (Aasland and Stewart, 1995) . These domains consist of anti-parallel, threestranded b-sheets packed against (one or two) a-helices. At the level of three-dimensional structure, the CD and CSD show remarkable similarity to the histone-like archeobacterial proteins Sac7d and Sso7d, but lack the surface charge that is necessary for DNA binding (Ball et al., 1997; Brasher et al., 2000) .
A single form of HP1 was originally identi®ed in Drosophila melanogaster (James and Elgin, 1986) . However, screening with CD probes has revealed multiple variants of this protein in higher eukaryotes. Mammalian HP1 comprises three distinct isotypes termed hHP1a, b and g in humans and mHP1a, M31 and M32 in mice (Singh et al., 1991; Saunders et al., 1993; Le Douarin et al., 1996; Ye and Worman, 1996) . Although these proteins are structurally similar, they are distributed in different regions of the cell nucleus (Wreggett et al., 1994; Horsley et al., 1996; Aagaard et al., 1999; Nielsen et al., 1999) .
Physical or spatial associations between HP1 and elements of the origin recognition complex (ORC), actin-related proteins (Arp4) and SET or CD proteins, such as Su(var)3-9 and Su(var)3-7, have recently been described (Cleard et al., 1997; Frankel et al., 1997; Pak et al., 1997; Aagaard et al., 1999) . Furthermore, different isotypes of mammalian HP1 have been identi®ed as potential partners of the remodeling factors CAF-1 (HP1b) and BRG1/SNF2b (HP1a), transcriptional intermediary factors a and b (all isotypes), the centromeric protein INCENP (HP1a and g), the nuclear auto-antigen SP100 (all isotypes) and the inner nuclear membrane protein lamin B receptor (LBR) (HP1a and g) (Le Douarin et al., 1996; Ye and Worman, 1996; Ye et al., 1997; Ainsztein et al., 1998; Lehming et al., 1998; Seeler et al., 1998; Murzina et al., 1999; Nielsen et al., 1999; Brasher et al., 2000) . HP1a and b have also been reported to interact with themselves (Le Douarin et al, 1996; Ye et al., 1997) , consistent with the oligomeric structure of the molecule (Brasher et al., 2000) . On the basis of these data, it has been proposed that blocks of HP1 and other CD proteins are recruited by transcriptional silencers and remodeling machines at speci®c sites on the genome (Jones et al., 2000) . The deposition of such complexes in the neighborhood of eukaryotic genes may result in heterochromatinization or`freezing' of the chromatin ®ber in a given epigenetic state (Cavalli and Paro, 1998) . In addition to that, HP1 could serve as a linker, connecting peripheral heterochromatin to the inner nuclear membrane and mediating nuclear envelope reassembly at the end of mitosis (Ye et al., 1997; Gotzmann and Foisner, 1999) .
Despite recent advances, important questions concerning the molecular properties and subcellular distribution of Dynamic associations of heterochromatin protein 1 with the nuclear envelope The EMBO Journal Vol. 19 No. 23 pp. 6558±6568, 2000 HP1 remain unanswered. For instance, it is not exactly known whether the various HP1-associated proteins compete with one another for binding to a limited number of HP1 molecules or if HP1 is always expressed in excess. In addition, the physical state and relative abundance of the three HP1 variants in different cell types has not been determined, making the interpretation of isotype-speci®c associations identi®ed by two-hybrid screens dif®cult. Finally, the partitioning of HP1 during mitosis is not yet clear and the localization patterns obtained by indirect immuno¯uorescence microscopy sometimes differ signi®-cantly depending on ®xation and sample processing. In this work we have studied the potential associations between HP1 proteins and the nuclear envelope. This has been an elusive question because, although hHP1a and g have been found to interact with the N-terminal domain of LBR (Ye and Worman, 1996; Ye et al., 1997) , they have never been detected in the vicinity of the inner nuclear membrane (Wreggett et al., 1994; Aagaard et al., 1999; Nielsen et al., 1999) . Employing a variety of techniques we have found that all three variants of mouse HP1 possess nuclear envelope-binding properties. Consistent with these observations, an N-terminal fragment of M31, which represents the nuclear envelope-binding site and contains the CD, abolishes targeting of nuclear membrane proteins to the surfaces of chromosomes, strongly suggesting involvement in nuclear envelope reassembly.
Results
Exogenous HP1 proteins target the nuclear periphery To explore the cellular interactions of HP1 proteins, we microinjected glutathione S-transferase (GST)-tagged mHP1a, M31 and M32 or GST alone into the cytoplasm of living cells. Human (HeLa) cells were used as the principal model system, but mouse (C127) cells were also employed for speci®c applications (see ®gure legends). A standard protocol was followed in all cases, allowing direct comparisons between different experiments. According to this procedure, the cells were split the day before the injection and plated on glass coverslips at a con¯uency of 50±60%. At speci®c time points, ranging from 5 min to 24 h post-injection, samples were removed from the 37°C incubator, ®xed and stained with af®nity-puri®ed anti-GST antibodies.
Consistent with the presence of functional nuclear localization signals, the three HP1 proteins were ef®-ciently imported into the nucleus, whereas GST remained in the cytoplasm ( Figure 1A ). Early after injection (5±20 min) exogenous M31 and M32 could be detected throughout the nucleoplasm and, occasionally, in foci of perinucleolar heterochromatin ( Figure 1A , M31±GST and M32±GST, Early). However, this pattern changed signi®-cantly at later time points. Speci®cally, 40±60 min after injection, and for a period of at least 5 h, most of the injected material was localized in a narrow zone adjacent to the nuclear envelope ( Figure 1A , M31±GST and M32±GST, Late) . Unlike M31±GST and M32±GST, mHP1a±GST accumulated in the nuclear periphery for only a short period of time (5±15 min after injection) and then dispersed in the nucleoplasm ( Figure 1A , GST±mHP1a, Early and Late).
The patterns observed after injection of the recombinant proteins did not re¯ect the steady-state distribution of their endogenous counterparts (compare Figure 1A and B) . Puzzled by this, we wondered whether the structure of the fusion proteins was affected by the GST moiety. To resolve this problem, we analyzed His 6 -M31, GST±M31 and puri®ed GST by circular dichroism spectroscopy. As shown in Figure 2 , all proteins examined were correctly folded and exhibited the proportions of a and b structure expected from their sequences. Furthermore, the sum of the GST and the His 6 -M31 spectra yielded exactly the spectrum of M31±GST, ruling out major perturbations originating from the GST tag.
Structural aberrations aside, we thought that exogenous HP1 proteins may require a relatively long period of time in order to detach from peripheral sites and incorporate 
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into internal chromatin areas. To address this question, we repeated the microinjection experiments and monitored the relative distribution of the endogenous and exogenous products 24 h after injection. As shown in Figure 3 , the rim uorescence patterns of M31±GST and M32±GST observed at earlier time points were no longer detectable 24 h after injection. Instead, the two recombinant proteins were distributed throughout the nucleoplasm and largely colocalized with their endogenous counterparts. M31±GST and endogenous M31 were present in clumps of perinucleolar heterochromatin and various other foci. On the other hand, M32±GST and endogenous M31 exhibited a random, speckled distribution, as has already been described in previous studies (Horsley et al., 1996) . Monitoring of mHP1a±GST did not reveal any difference between the 24 h pattern and that observed 40±120 min after injection (data not shown; for relevant data check Figure 1A , mHP1a±GST, Late). Double immuno¯uores-cence could not be done in this case, because both the anti-GST and the anti-mHP1a antibodies were made in rabbits.
The distribution of HP1 proteins is affected by hyperacetylation Taking the previous observations into account, we examined whether HP1 distribution is affected by acetylation. To investigate this problem in a suitable system, we employed mouse C127 cells. These cells behave in exactly the same way as HeLa cells when injected with recombinant HP1 proteins (rim patterns in the beginning and absence of perinuclear¯uorescence at 24 h); however, instead of having small heterochromatic foci, they possess large blocks of internal heterochromatin that can be easily identi®ed at the level of the light microscope. The cells were divided into three groups. One group was cultivated in regular medium, whereas the other two were treated with the histone deacetylase inhibitors trichostatin A (TSA) and sodium butyrate (SB), respectively (for details on the treatment scheme see Materials and methods; for a review see Yoshida et al., 1995) . After these treatments the cells were injected with M31±GST and at various time intervals ®xed and stained with anti-GST and anti-M31 antibodies.
Five hours after injection into the cytoplasm of nontreated cells the M31±GST protein exhibited the typical rim¯uorescence pattern that was observed previously with HeLa cells. However, when the same polypeptide was injected into TSA-or SB-treated cells, a rim-like pattern was not observed ( Figure 4A ). Instead, M31±GST showed a clustered distribution and co-localized with endogenous M31 in a variety of nucleoplasmic foci and perinucleolar heterochromatin ( Figure 4A and B). Similar results were obtained with M32±GST (i.e. rim-like patterns in normal cells and nucleoplasmic speckles in drug-treated cells; data not shown), indicating that recombinant HP1 proteins switch localization, depending on the cellular circumstances. Although no attempt was made to investigate the mechanism of HP1 redistribution in TSA-and SB-treated cells, it would be reasonable to infer that the binding properties and molecular organization of HP1 proteins are regulated, directly or indirectly, by acetylation (for additional comments and interpretations see Discussion).
HP1 proteins associate with the nuclear envelope under in vitro conditions
To ®nd out whether transient accumulation of HP1 proteins at the periphery of the nucleus re¯ected a physical interaction with the nuclear envelope or sequestration of excess material in a`storage zone', we performed a series of in vitro experiments. Triton X-100-permeabilized cells were incubated with exogenous HP1 proteins or GST alone. Following this incubation, loosely attaching material was removed by extensive washing and bound proteins were detected by anti-GST antibodies. Exogenous M31 Figure 1A , M31±GST and M32±GST, Late). A similar pattern was observed with mHP1a±GST, except that the staining of internal structures was more pronounced (Figure 5, GST±HP1a) . A background originating from cytoskeletal elements or other cytoplasmic organelles was not detected. Moreover, the GST protein was not retained by any nuclear or cytoplasmic structure ( Figure 5 , GST), con®rming the speci®city of these interactions. Consistent with a saturable process, when binding of M31±GST was assessed in the presence of a 10-fold excess of His 6 -M31, all staining by anti-GST antibodies was abolished ( Figure 5 , GST±M31 + 10Q His-M31).
Proceeding along the same lines, we examined whether HP1 proteins bind directly to the nuclear envelope. For these purposes we employed puri®ed turkey erythrocyte nuclear envelopes that had been vesicularized and rendered`inside-out' after urea extraction and mechanical fragmentation (see Georgatos and Blobel, 1987; Worman et al., 1988; Pyrpasopoulou et al., 1996; Simos et al., 1996) . Binding was assessed using a simple co-pelleting assay. The nuclear envelopes were incubated with recombinant HP1 proteins under isotonic conditions and in the presence of carrier protein (®sh skin gelatin) and magnesium. After this incubation membranes and associated material were collected, washed with assay buffer and analyzed by SDS±PAGE and western blotting (for more details see Materials and methods).
As shown in Figure 6 , the three HP1 proteins cosedimented with the nuclear envelopes, but did not selfpellet or`stick' to proteolyzed membranes to any signi®-cant extent. Furthermore, when the experiments were repeated with [ 35 S]methionine-labeled probes, saturable binding became evident at~200 mg/ml recombinant proteins ( Figure 7A ). By Scatchard analysis of the binding data we calculated dissociation constants, which were in the micromolar range (1.0 mM ±1 for mHP1a, 3.1 mM ±1 for M31 and 0.55 mM ±1 for M32). By the same method thè concentrations' of HP1-binding sites in the nuclear envelope preparations were estimated to be 66 mg/mg membrane in the case of GST±M31 and 93 mg/mg membrane in the case of GST±mHP1a and GST±M32.
Binding of [ 35 S]GST±M31 was effectively competed by an excess of unlabeled GST±M31, as well as His 6 -M31 ( Figure 7B ). On the other hand, binding of [ 35 S]GST±mHP1a decreased markedly in the presence of cold GST±mHP1a, GST±M31 or GST±M32 ( Figure 7C ), suggesting that the same type of`receptor' was involved. Consistent with a speci®c association, bovine serum albumin (BSA) ( Figure 7B and C) and GST (see below) did not affect these interactions. The ability of the different HP1 proteins to compete with one another (i.e. the amount of unlabeled protein required for 50% displacement of the labeled probe) varied slightly (see for example Figure 7B , compare His 6 -M31 and GST±M31; Figure 7C , compare GST±M32 and GST±M31/mHp1a). This variation, which was always less than one order of magnitude, might re¯ect differences in aggregation state or the presence of quantitatively minor degradation products.
HP1 binding to the nuclear envelope is site-speci®c To identify the region of the HP1 molecule involved in nuclear envelope binding we constructed a series of M31 mutants (for a schematic diagram see Figure 8A ; for mass spectra and SDS±PAGE pro®les see Figure 8B and C). His 6 -M31NL, which contains the N-terminal 137 amino HP1±nuclear envelope interactions acids of M31, competed effectively with full-length [ 35 S]GST±M31 (M31F) for binding to the nuclear envelopes, whereas GST±M31C, spanning residues 114±185, and GST did not ( Figure 8D ). Consistent with these data, biochemical studies con®rmed that His 6 -M31NL binds directly to the membranes, while GST±M31C fails to do so (data not shown).
The competition between M31NL and M31F suggested that the nuclear envelope-binding site of M31 (and, by inference, the binding sites of the other two HP1 variants) resided within the N-terminal half of the molecule. To prove this point we constructed two new mutants that covered amino acids 1±69 (His 6 -M31N) and 70±114 (His 6 -M31L) and a synthetic peptide that spanned residues 1±21 (M31NP). As shown in Figure 8E , His 6 -M31N abolished binding of [ 35 S]GST±M31 to the nuclear envelopes similarly to His 6 -M31NL, while all other peptides had no effect. Based on these results, the nuclear envelope-binding site of M31 can be mapped within an N-terminal region containing residues 22±69 and comprising the CD.
HP1 proteins are involved in nuclear envelope reassembly Exploring the physiological relevance of these interactions, we attempted to examine the role of HP1 proteins in nuclear envelope reassembly. As a ®rst step towards this aim, we studied dividing HeLa and C127 cells by indirect immuno¯uorescence microscopy. M31, M32 and their human homologs hHP1b and hHP1g dispersed throughout the cytoplasm upon nuclear envelope breakdown (A) Binding of recombinant HP1 to isolated nuclear envelopes, as detected by SDS±PAGE and Coomassie Blue staining. Lane 1, whole nuclear envelopes (before urea extraction); lane 2, urea-stripped nuclear envelopes; lane 3, protease-digested nuclear envelopes; lane 4, ureastripped nuclear envelopes plus GST±mHP1a; lane 5, protease-digested nuclear envelopes plus GST±mHP1a; lane 6, GST±mHP1a and buffer; lane 7, urea-stripped nuclear envelopes plus GST±M31; lane 8, protease-digested nuclear envelopes plus GST±M31; lane 9, GST±M31 and buffer; lane 10, urea-stripped nuclear envelopes plus GST±M32; lane 11, protease-digested nuclear envelopes plus GST±M32; lane 12, GST±M32 and buffer; lanes 13±15, pro®les of the input GST±mHP1a, GST±M31 and GST±M32, respectively. Dashes correspond to molecular weight markers of 96, 68, 31 and 21 kDa. An arrowhead indicates the position of LBR. Dots indicate HP1 proteins that have bound to the membranes. (B) Binding of recombinant HP1 proteins to the nuclear envelopes, as detected by western blotting. The input was as follows: lanes 1, 0 mg; lanes 2, 0.5 mg; lanes 3, 1 mg; lanes 4, 2 mg; lanes 5, 4 mg; lanes 6, 8 mg; lanes 7, 16 mg. uNE and pNE correspond to urea-extracted and proteolyzed nuclear envelopes, respectively. Fig. 5 . In situ decoration of permeabilized cells by recombinant HP1 proteins. Triton X-100-treated cells (HeLa) after in vitro incubation with 40 mg/ml GST fusion proteins or a mixture of GST±M31 and His 6 -M31 in the molar ratio 1:10. Recombinant proteins were detected with af®nity-puri®ed anti-GST antibodies. PI, the corresponding propidium iodide pro®les.
( Figure 9A±D and I±L) and re-incorporated into chromatin at the ®nal stages of mitosis ( Figure 9E±H and M±P). The same happened with mouse and human HP1a, which exhibited a distribution similar to that of M31/hHP1b in all phases of cell division (data not shown). A fraction of hHP1b and hHP1g co-localized with the mitotic spindle in HeLa cells ( Figure 9K , L and N), but this was not observed with M31 and M32 in C127 cells ( Figure 9C and D) .
However, M31, and its human homolog hHP1b, showed a similar pattern during late anaphase/early telophase. At this point both proteins accumulated at the polar surfaces of segregated chromatids, forming a characteristic`cap' ( Figure 9E , G and M, arrows). The same type of cap could be detected when Triton-permeabilized cells were incubated with exogenous M31 and stained with anti-GST antibodies (data not shown).
The polar accumulation of HP1 proteins was particularly intriguing, because a crescent-like structure closely resembling the M31 cap is known to develop on the surfaces of chromosomes at early stages of nuclear envelope reassembly (for a review see Georgatos and Theodoropoulos, 1999) . To investigate whether M31 was involved in the recruitment of nuclear envelope proteins we employed a novel assay system. First, nocodazolearrested (prometaphase) cells were incubated with digitonin to open the plasma membrane gently. Subsequently, the permeabilized preparations were incubated for 2 h at 33°C, to induce destruction of mitotic cyclins and progress to an interphase-like state (see Burke and Gerace, 1986; Maison et al., 1993) . Finally, at the end of this incubation, digitonin ghosts' were spun on glass coverslips and stained with anti-LAP2b and anti-lamin B antibodies.
Mitotic LAP2b and B-type lamins that were initially dispersed ( Figure 10A , Control) became recruited to the surfaces of chromosomes after a 2 h incubation at 33°C. This reassembly reaction was not affected when BSA, fulllength M31 (His 6 -M31) or an M31 peptide that lacks the nuclear envelope-binding site (His 6 -M31L) was added to the assay mixture ( Figure 10A , +BSA, +M31-His and +M31L-His). However, addition of His 6 -M31N completely abolished LAP2b and lamin B binding to the surfaces of chromosomes ( Figure 10A , +M31N-His). In line with the competition data presented in Figure 8 , His 6 -M31NL also inhibited lamin B and LAP2b reassembly, whereas M31NP had no effect (data not shown).
As could be expected from a`dominant negative' mutant, exogenously added His 6 -M31N bound to mitotic structures (presumably membranes) and exhibited a localization pattern similar to that of unassembled LAP2b (compare Figure 10B , right, with A, Control). In contrast, the control peptide His 6 -M31L, which lacks a nuclear envelope-binding site, was not retained iǹ digitonin ghosts' and was washed away during sample processing ( Figure 10B , left).
Discussion
Dynamic associations between HP1 proteins and elements of the nuclear envelope The observations presented here provide compelling evidence for a speci®c association between HP1 proteins and the nuclear membrane or peripheral heterochromatin. Recombinant mHP1a, M31 and M32 target the nuclear periphery when injected into living cells and decorate the nuclei of detergent-permeabilized cells in a characteristic, rim-like fashion. Furthermore, these proteins bind to isolated nuclear envelopes in a saturable and site-speci®c fashion. Nuclear envelope association must be a highly dynamic process, because endogenous HP1 proteins partition almost exclusively with internal heterochromatic foci at steady-state (Wreggett et al., 1994; Aagaard et al., Variation between data points did not exceed 10%.
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1999; Minc et al., 1999; Nielsen et al., 1999; this report) . This could mean that newly imported HP1 proteins bind to fast exchanging nuclear envelope`receptors', without ever building up a high concentration at the nuclear periphery. Alternatively, the levels of nuclear envelope-bound HP1 proteins might be very low at steady-state because these polypeptides have a much higher af®nity for internal structures than for nuclear envelope components. Finally, the distribution of HP1 proteins may be subject to regulation by post-translational modi®cations.
Consistent with the latter hypothesis, when recombinant HP1 proteins are microinjected into living cells they initially accumulate at the nuclear envelope and then move to HP1-speci®c chromatin areas. This transition is relatively slow under basal conditions (except for mHP1a), excluding a`hit and run' process. When the cells are treated with TSA or SB this transient interaction with the nuclear envelope is much shorter or does not occur at all. The effect of deacetylase inhibitors can be meaningfully explained if we assume that nuclear envelope binding is weakened when HP1 proteins become modi®ed by acetylases or acetylation-dependent enzymes (e.g. kinases; see Zhao et al., 1999) . So far, HP1 has not been characterized as a substrate of nuclear acetyl transferases. However, it is interesting to note that all HP1 proteins possess potential acetylation sites (GK) in their sequences.
One site common to all variants resides at the very N-terminus, whereas another two sites, shared by M31 and M32, are located in the CD and the hinge region, respectively (for sequence information see Singh et al., 1991; Le Douarin et al., 1996) . None of these regions conforms to the GKXXP/GKXP consensus motif that has been recently described by Rojas et al. (1999) , but the requirement for hydrophobic amino acids downstream of the lysine residue is partially met in M31 and M32 (M31, GKV and GKSKKV; M32, GKRKA).
Since HP1 proteins form stable dimers (Brasher et al., 2000) and probably higher oligomers, it is possible that interactions between HP1 and the nuclear envelope are affected by the aggregation state of HP1. For instance, hetero-oligomers of mHP1a, M31 and M32 may have different binding properties from the corresponding homooligomers and may be more (or less) prone to modi®cation.
Potential HP1-binding sites
Our observations show that HP1 proteins do not bind to protease-treated nuclear envelopes. By this measure, HP1 binding should involve proteinaceous`receptors' and not residual DNA attached to the nuclear envelope. However, the possibility that DNA is involved in these interactions cannot be entirely excluded, because the spatial dispos- ition of peripherally localized DNA might actually be protein dependent.
Given the protein composition of the nuclear envelope preparations, the best candidates for an HP1-binding site will be either LBR or one of the core histones. An association with LBR would be consistent with the twohybrid data previously published by Ye and Worman (1996) , while binding to a core histone would be in line with in vitro results recently published by Eissenberg and co-workers (Zhao et al., 2000) . However, a problem with these interpretations is that the nuclear envelope-binding site maps in the CD, whereas the LBR-and the histonebinding sites are located in the CSD (Ye et al., 1997; Zhao et al., 2000) . Until this problem is solved by directly comparing the binding af®nities and the stoichiometries involved, we would argue that the N-terminal part of HP1 proteins is more likely to participate in dynamic interactions; as indicated by recent NMR studies (Brasher et al., 2000) , the CD has a higher mobility/accessibility than the CSD and, furthermore, as shown here, His 6 -M31N, a peptide that includes the N-terminal region of M31 and folds properly in solution, potently inhibits nuclear envelope reassembly.
Physiological relevance of HP1±nuclear envelope interactions Using a novel in vitro assay we have shown that M31 is involved in the recruitment of LAP2b and B-type lamins to the surfaces of chromosomes. The formation of a new nuclear envelope around daughter nuclei is a stepwise process. It commences at late anaphase, after segregation of sister chromatids to the poles of the cell. In the beginning a membranous meniscus, or cap, forms toward the polar side of the chromatids (Robbins and Gonatas, 1964; Zeligs and Wollman, 1978) . Immunocytochemical studies indicate that this structure contains inner nuclear membrane proteins, lamins and components of the nuclear pore complex (Chaudhary and Courvalin, 1993; Foisner and Gerace, 1993; Maison et al., 1997; Yang et al., 1997; Bodoor et al., 1999) . The cap gradually develops into a complete envelope, which encapsulates condensed chromatin and effectively separates it from the cytoplasm of the two daughter cells.
The presence of HP1 proteins at the polar surface of anaphase chromosomes indicates that a speci®c`platform' may be created before nuclear envelope precursors are recruited in this region. Apparently, truncated forms of M31 like His 6 -M31N and His 6 -M31NL cannot incorporate into the chromosomes, whereas full-length His 6 -M31 can. This would explain why the former act as dominantnegative mutants and inhibit nuclear envelope reassembly while the latter does not have any effect. Whether initiation of nuclear envelope assembly involves a direct interaction of HP1 proteins with LBR or other integral components is an attractive hypothesis that needs to be addressed in future studies.
Materials and methods

Antibodies and plasmids
Two previously characterized rat monoclonal antibodies directed to M31 (MAC 353) and M32 (MAC 385) were used (Wreggett et al., 1994; Fig. 9 . Localization of the three HP1 variants in mitotic cells. Mitotic C127 and HeLa cells doubly stained with anti-M31/M32 antibodies (green) and propidium iodide (red). Arrows show the localization of HP1 proteins to the polar sides of segregated chromosomes. Prophase, metaphase, anaphase and telophase cells are shown, as indicated. Horsley et al., 1996; Aagaard et al., 1999) . mHP1a was identi®ed by a polyclonal rabbit antiserum (M235) af®nity puri®ed on a GST±mHP1a±Af®gel column. Microinjected GST fusion proteins were detected with polyclonal, af®nity-puri®ed antibodies raised against recombinant GST. The anti-LAP2b and anti-lamin B antibodies employed in this study have been described earlier (Maison et al., 1997) . The anti-His 6 monoclonal antibody was a generous gift from Dr A.Economou (Faculty of Biology, The University of Crete). M31 (fulllength or the C-terminal segment M31C) and M32 were expressed as fusion proteins with GST using pGEX1. GST±mHP1a was cloned in pGEX-4T-1. Full-length M31 and M31NL were expressed as His 6 -tagged proteins employing pET-25b, while M31N and M31L were expressed as His 6 -tagged proteins using pET-16b. M31NP was synthesized chemically.
HP1±nuclear envelope interactions
Circular dichroism
Circular dichroism spectra in the far UV range were recorded on a Jasco J-715 spectropolarimeter interfaced with a Peltier element for temperature control. The instrument was calibrated with a 0.10% aqueous solution of d-10-camphor sulphonic acid. Protein stock solutions were in 50 mM sodium phosphate pH 7.5. Spectra were recorded at 18°C, with 0.2 nm resolution and were baseline corrected by subtraction of the buffer spectrum at the same temperature. Quartz 1 mm path length cells were used (Hellma). The combined absorbance of cell, sample and solvent was kept at <1 over the measured range. Spectra were recorded at three different protein concentrations (12, 22 and 40 mM).
Cell culture and drug treatment HeLa cells, Chinese hamster ovary (CHO) cells and mouse C127 cells were grown in Dulbecco's modi®ed Eagle's medium. All media contained 10% fetal bovine serum and antibiotics. TSA was used at 500 ng/ml for 6 or 20 h. SB was used at 10 mM for 20 h.
Indirect immuno¯uorescence and immunoblotting
Indirect immuno¯uorescence and western blotting were performed as described previously (Maison et al., 1993 (Maison et al., , 1995 Meier and Georgatos, 1994) . When the rat monoclonal or the anti-His 6 antibody was used ®xation was with 1% formaldehyde for 5 min at room temperature. With all other antibodies ®xation was with 4% formaldehyde for 10 min at room temperature. Staining of the cells with propidium iodide was accomplished (with or without RNase treatment) after a 5 min incubation with 1 mg/ml dye. The specimens were visualized in a Leica SP confocal microscope.
Microinjection
Adherent cells (HeLa or C127) were injected with 1.0±7.0 mg/ml recombinant protein (concentrations in the stock solutions) using an Eppendorf system and glass capillaries. The cells were returned to the incubator for various periods of time, ®xed and processed for indirect immuno¯uorescence. The data presented in this report have been reproduced in 20 independent microinjection assays.
Expression, puri®cation and metabolic labeling of recombinant proteins GST fusion proteins and His 6 -tagged polypeptides were expressed in BL21 (DE3) cells and puri®ed from bacterial lysates according to standard procedures (Sambrook et al., 1989) . For metabolic labeling the cells were grown in methionine-free medium (M9 based) to an OD of 0.9. Isopropyl-b-D-thiogalactopyranoside (0.1 mM) and [ 35 S]methionine (200±300 mCi) were added and incubation ensued for 3 h at 37°C. After that the bacteria were harvested and the recombinant proteins puri®ed as usual.
Isolation of nuclear envelopes
Turkey erythrocyte nuclear envelopes were isolated as speci®ed by Georgatos and Blobel (1987) . After isolation the membranes were washed sequentially with: 2 M KCl, 50 mM Tris±HCl pH 7.5, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl¯uoride (PMSF) and protease inhibitors (leupeptin, pepstatin, aprotinin and antipain at 2 mg/ml); distilled water; 8 M urea, 10 mM Tris±HCl pH 8.0, 4 mM EDTA and 1 mM PMSF (when speci®ed); distilled water. Before use, nuclear envelopes were washed and resuspended in assay buffer (see below) using mild sonication. To prepare proteolyzed membranes 0.8±2.0 mg/ml nuclear envelope was incubated with a mixture of trypsin and chymotrypsin (0.16 mg/ml) for 30 min at room temperature. Digestion was stopped by adding PMSF (1.3 mM), protease inhibitors and 1% ®sh skin gelatin (scavenger). The membranes were thoroughly Fig. 10 . Effects of M31 peptides on nuclear envelope reassembly. Images labeled Control show permeabilized mitotic cells prior to incubation at 33°C. All other pro®les correspond to samples that were incubated for 2 h at 33°C. (A) Assembly of nuclear envelope proteins assessed by staining the particles with anti-LAP2b or anti-lamin B antibodies (green) and propidium iodide (red). +BSA, bovine serum albumin; +M31-His, His 6 -tagged full-length M31; +M31L-His, a His 6 -tagged peptide containing residues 70±114 of M31; +M31N-His, a His 6 -tagged peptide containing residues 1±69 of M31. (B) Localization of the M31 peptides in`digitonin ghosts' was determined after staining with anti-His 6 antibodies.
washed with assay buffer (three times, 10 pellet vols) and used in binding experiments.
In situ assays Non-synchronized cells grown on coverslips were washed three times with phosphate-buffered saline and permeabilized with 0.2% Triton X-100 in KHM buffer (78 mM KCl, 50 mM HEPES±KOH pH 7.0, 4 mM MgCl 2 , 8.37 mM CaCl 2 , 10 mM EGTA, 1 mM DTT) for 5 min at room temperature. The cells were rinsed twice with KHM, blocked with KHM containing 1% gelatin and 1 mM DTT for 10 min, and incubated with 20±100 mg/ml recombinant proteins for 30 min at room temperature. After rinsing with KHM containing 0.02% Triton X-100, washing with KHM containing 1% gelatin and 1 mM DTT (twice, 2 min), and rinsing again with plain KHM, the cells were ®xed with 4% formaldehyde (5 min, room temperature) and processed for indirect immuno¯uorescence.
Binding assays
All reactions were carried out in Eppendorf tubes coated with 1% boiled and ®ltered ®sh skin gelatin. Between 10 and 50 mg nuclear envelopes or the exact equivalent of proteolyzed membranes were combined with increasing amounts of GST proteins dissolved in assay buffer (150 mM NaCl, 20 mM Tris±HCl pH 7.4, 2 mM MgCl 2 , 0.1 mM EGTA, 1 mM DTT, 0.2 mM PMSF, 10% sucrose and 0.1% gelatin) and adjusted in volume to 100 ml. After a 45 min incubation at room temperature (mixing by rotation) the samples were spun in a Microfuge (12 000 g, 30 min) and the pellets washed with 300 ml of assay buffer. Following another centrifugation (15 min, in the same fashion) the supernatants were carefully aspirated and the walls of the tubes wiped with cotton swabs. The ®nal pellets, representing nuclear membranes and associated material, were either solubilized in Laemmli buffer or dissolved in scintillation¯uid. Binding was detected by SDS±PAGE/western blotting (unlabeled proteins) or by liquid scintillation counting ( 35 S-labeled probes). All quantitative experiments were repeated at least three times in duplicate or triplicate.
In vitro reassembly assays CHO cells were synchronized in mitosis with 120 ng/ml nocodazole (16 h, 37°C). After shake-off the cells were washed three times with cold PIPES buffer (50 mM PIPES±KOH pH 7.4, 50 mM KCl, 5 mM MgCl 2 , 2 mM EGTA and 1 mM PMSF) and resuspended at a density of 10 6 /ml in the same medium plus 1 mM DTT and protease inhibitors (2 mg/ml leupeptin, pepstatin, aprotinin and antipain). Digitonin was added from a 10 mg/ml stock to a ®nal concentration of 50 mg/ml and the suspension left on ice for 5 min. The lysate was divided into equal aliquots (~2 Q 10 5 cells). One sample (control) was diluted to 300 ml with cold PIPES buffer and processed immediately after addition of 2 mM MgATP, 20 mM creatine phosphate, 400 mg/ml creatine kinase, 80 mM b-glycerophosphate, 50 mM NaF and 3 mM microcystin LR. The rest were combined with various peptides or exogenous proteins (12±120 mg), adjusted in volume to 300 ml and incubated at 33°C for 2 h. Half of each reaction mixture was loaded onto a cushion of 20% sucrose and spun (4°C) for 10 min at 1000 g on glass coverslips. Material adhering to the glass was washed twice with cold PIPES buffer and ®xed with 4% formaldehyde for 10 min. Replicas were stained with anti-LAP2b and anti-lamin B antibodies as speci®ed above. Morphometric analysis involved detailed examination of at least 50 cells under a confocal microscope. The data presented here were reproduced in 15 independent experiments.
